Introduction
============

Angiogenesis refers to the formation of new blood vessels from existing capillaries or via intravenous development. The complete process of angiogenesis involves a variety of cells and molecules that play roles in vascular basement membrane degradation as well as in the subsequent vascular endothelial cell activation, proliferation, migration and reconstruction ([@b1-or-38-02-0755]). In the process of tumour development, angiogenesis is a necessary prerequisite and is regulated by a balance between pro-angiogenic factors, such as vascular endothelial cell growth factor (VEGF), basic fibroblast growth factor (bFGF) and angiopoietin, and anti-angiogenic factors, such as tumstatin, endostatin and thrombospondin-1 ([@b2-or-38-02-0755]--[@b4-or-38-02-0755]). Hepatocellular carcinoma (HCC) is one of the most common types of carcinoma and is characterized by an enriched blood supply. The progression of angiogenesis is vital for tumour occurrence and development and is closely associated with HCC metastasis, invasion and resistance to therapy ([@b5-or-38-02-0755],[@b6-or-38-02-0755]). Thus, several anti-angiogenic drugs (such as sorafenib) have been recommended for clinical applications as treatment options for patients with advanced stage HCC ([@b7-or-38-02-0755],[@b8-or-38-02-0755]).

Pigment epithelial-derived factor (PEDF) is a multifunctional glycoprotein that belongs to a family of non-inhibitory serpins. Among naturally occurring anti-angiogenic factors, PEDF is considered an effective angiogenesis inhibitor ([@b9-or-38-02-0755],[@b10-or-38-02-0755]). However, PEDF comprises multiple functional fragments that are responsible for several functions, such as inhibition of angiogenesis and promotion of survival and neuro-differentiation. Previous studies have demonstrated that the anti-angiogenic functional fragment of PEDF is located at the NH2-terminal surface epitope (the 34-mer amino acid residues 24--57, PEDF-34mer), while the pro-survival and neuro-differentiating functional fragments are located at the adjacent epitope (44-mer residues 58--101, PEDF 44-mer) ([@b11-or-38-02-0755]--[@b13-or-38-02-0755]). Studies have revealed that PEDF inhibits the development of several malignant tumours, such as lung carcinoma, osteosarcoma and pancreatic carcinoma ([@b14-or-38-02-0755]--[@b16-or-38-02-0755]). However, although the *in vivo* overexpression of full-length PEDF is beneficial for inhibiting tumour growth, its application in clinical treatments is limited due to its low stability and immune antigenicity. Therefore, short but stable peptides derived from PEDF that are as effective at inhibiting angiogenesis as the full-length PEDF fragments could have more practical value in clinical practice. The P18 peptide is an angioinhibitory epitope of PEDF 34-mer (18-mer residues 40--57) that has been proposed to be a bioactive anti-angiogenic fragment. A previous study demonstrated that the P18 peptide exerted activity analogous to that of full-length PEDF in prostate and renal carcinoma ([@b17-or-38-02-0755]). However, the effects of the P18 peptide on angiogenesis in HCC and its applicability in tumour therapy remain unclear.

VEGF is a potent pro-angiogenic cytokine that is also known to promote proliferation and survival of endothelial cells (ECs) as well as vascular permeability ([@b18-or-38-02-0755],[@b19-or-38-02-0755]). VEGF is expressed in vascularized tissues and is critical for normal and pathological angiogenesis. Substantial evidence has implicated VEGF in the induction of tumour proliferation, metastasis and angiogenesis ([@b3-or-38-02-0755],[@b20-or-38-02-0755],[@b21-or-38-02-0755]). VEGF165, the predominant isoform of VEGF in humans, signals through three receptors: fms-like tyrosine kinase (flt-1, also VEGFR1), KDR gene product (KDR, also VEGFR2) and the flt4 gene product (flt-4, also VEGFR3). Among these three receptors, VEGFR2 is a major receptor for VEGF-induced signalling in endothelial cells ([@b3-or-38-02-0755],[@b22-or-38-02-0755]--[@b24-or-38-02-0755]). Previous studies have detected VEGFR2 not only in vascular endothelial cells but also its overexpression in many types of malignant solid tumours ([@b25-or-38-02-0755]). Upon binding with VEGF, VEGFR2 undergoes autophosphorylation and becomes activated. Phosphorylation of Tyr1175 allows binding with the p85 subunit of the PI-3 kinase (PI3K), which leads to activation of the PI3K/Akt signalling pathway ([@b26-or-38-02-0755]). This VEGFR2 signalling is necessary for the execution of VEGF-stimulated proliferation, chemotaxis and sprouting as well as for the survival of cultured endothelial cells *in vitro* and angiogenesis *in vivo* ([@b20-or-38-02-0755],[@b24-or-38-02-0755]).

Existing evidence has indicated that VEGFR2 is a target of PEDF ([@b9-or-38-02-0755],[@b27-or-38-02-0755]). However, whether the P18 peptide can block VEGF/VEGFR2 signal transduction and ultimately lead to the inhibition of angiogenesis in HCC remains unclear. Thus, we designed the present study to identify the mechanism by which the P18 peptide inhibits angiogenesis in HCC. We observed that the P18 peptide counteracted the bioactivity of VEGF and suppressed cell activity by reducing the secretion of cadherins (VE-cadherin and E-cadherin) and matrix metalloproteinases (matrix metalloproteinase-2, MMP-2 and MMP-9) in both human umbilical vein and microvascular endothelial cells (HUVECs) and HepG2 hepatoma cells *in vitro*, which resulted in the suppression of invasiveness and pro-angiogenesis of endothelial cells. Moreover, our xenograft tumour model also provided evidence that the P18 peptide downregulates the phosphorylation of VEGFR2 and inhibits angiogenesis of HCC *in vivo*. We demonstrated that the P18 peptide may act on ECs by modulating the VEGF/VEGFR2 signalling pathway and it induced PI3K/Akt cascades, which would lead to apoptosis of ECs and reduced neovascularization.

Materials and methods
=====================

### Cell lines and culture

Human umbilical vein and microvascular endothelial cells (HUVECs) and human HCC cell line HepG2 cells were purchased from the Typical Culture Reserve Center of China (Shanghai, China) and cultured under 5% CO~2~ in ECM-2 medium (ScienCell Research Laboratories, Carlsbad, CA, USA) supplemented with 5% foetal bovine serum (FBS, Gibco, Grand Island, NY, USA), 100 U/ml penicillin, 100 µg/ml streptomycin and 1% endothelial cell growth supplement (ECGS, ScienCell Research Laboratories). The human HCC cell line HepG2 was obtained from the American Type Culture Collection (Rockville, MD, USA) and cultured in Dulbecco\'s modified Eagle\'s medium (DMEM, Hyclone, Thermo Fisher Scientific Inc., Logan, UT, USA) supplemented with 10% FBS (Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin. A hypoxia incubator was used to simulate hypoxic conditions (1% O~2~, 5% CO~2~ and 94% N~2~).

### Antibodies and reagents

Antibodies against VEGFR2, phosphorylated (p)-VEGFR2 (Tyr1175), PI3K, p-PI3K p85 (Tyr458)/p55 (Tyr199), Akt, p-Akt (Ser473), Bax, Bcl-2, caspase-3, cleaved caspase-3, MMP-2, MMP-9 and CD31 were purchased from Cell Signalling Technology (Danvers, MA, USA). Antibodies against VEGF, VE-cadherin, E-cadherin, Ki67, GAPDH and β-actin were purchased from Abcam (Cambridge, UK). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG and HRP-conjugated mouse IgG were purchased from Beyotime Institute of Biotechnology (Jiangsu, China). Recombinant P18 peptide (\>95% purity) was purchased from GL Biochem Ltd. (Shanghai, China) and characterized by mass spectrometry. The peptides were acetylated at their NH2 termini and amidated at their COOH termini for stability. SU1498, a selective VEGFR2 inhibitor, was acquired from Abcam. Recombinant human VEGF (VEGF165) and recombinant human IGF-1 were obtained from PeproTech (Rocky Hill, NJ, USA). Matrigel was purchased from BD Biosciences (San Jose, CA, USA).

### Cell viability assay

HUVECs (5×10^3^/well) or HepG2 cells (5×10^3^/well) were seeded in three 96-well plates. After cell attachment, the supernatants in the plates was replaced with ECM containing gradient concentrations of the P18 peptide (10, 20, 40, 80, 160, 320, 640 and 1280 nM). The plates were numbered as plate 1, plate 2 and plate 3 and incubated at 37°C under 5% CO~2~. Viable cells were quantified by Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Kumamoto, Japan) assay at various time-points (plate 1:24 h, plate 24:8 h and plate 3:72 h). The optical density (OD) at 450 nm was measured using a Spectra Max 190 (Molecular Devices, Sunnyvale, CA, USA).

### Western blot analysis

The cells or frozen tumour samples were lysed in cold RIPA lysis buffer (Beyotime, Beijing, China) with 1 nM phenylmethylsufonyl fluoride. A BCA Protein Assay kit (Beyotime) was used to measure the concentration of the protein samples. Total protein (20--25 µg) was separated via SDS-PAGE gels and transferred to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked with 5% skimmed milk for 2 h at room temperature and then incubated with primary antibodies at 4°C overnight according to the manufacturer\'s instructions. The membranes were then incubated with HRP-conjugated anti-mouse or rabbit IgG secondary antibody (Beyotime) for 2 h at room temperature, followed by detection using enhanced chemiluminescence (ECL) immunoblotting detection reagents (Millipore). Protein band intensities were quantified via densitometric analysis using ImageJ software (National Institutes of Health, Bethesda, MD, USA).

### Xenograft tumour growth assay

HepG2 cells (5×10^6^/0.1 ml) in PBS were inoculated into the dorsal area near front leg of 4-week-old BALB/c nude mice (Shanghai Laboratory Animal Company, Shanghai, China). The mice were observed until tumours reached a volume of 100 mm^3^. Then, the mice were randomized into three groups (5 in each group) and marked. The two experimental groups were administered an intraperitoneal injection of P18 peptide (dissolved with 0.9% normal saline) at doses of 0.1 mg/kg (dose/mouse body weight) or 0.5 mg/kg. The control group was treated with the same volume of 0.9% normal saline (0.9% NS). Tumour growth was monitored by the length and width of the tumour acquired from external measurements every 2 days. Tumour volume was determined according to the following equation: volume (mm^3^) = (length × width^2^)/2. Fourteen days after the first injection, the mice were sacrificed, and the tumours were excised and weighed. All experiments were performed following approval by the ethics committee of Qianfoshan Hospital.

### Immunofluorescence (IF) assay

The xenogeneic tumours were frozen in liquid nitrogen immediately after the mice were sacrificed and then frozen in 5-µm sections. The sections were fixed in 4% paraformaldehyde for 20 min. After blocking in 5% BSA for 1 h, the sections were incubated at 4°C overnight with goat polyclonal anti-VEGF (Novus, San Diego, USA) and rabbit monoclonal anti-phosphorylated VEGFR2. Cells or mouse sections were then incubated with donkey anti-goat FITC-labelled (Abcam) and donkey anti-rabbit TRITC-labelled (Abcam) secondary antibodies for 2 h and were stained with DAPI (Abcam). Fluorescent images from tissues were photographed using a light microscope, and double immunofluorescent staining were merged using Image-Pro Plus software.

### Immunohistochemistry (IHC) assay

Tumour simples were fixed in 10% formalin, embedded in paraffin and then processed for immunohistochemistry. The sections were deparaffinized in graded xylene and rehydrated in graded ethanol, and then washed with PBS 3 times. After heat-induced antigen retrieval in citrate buffer, endogenous peroxidase was inhibited by treatment with 3% hydrogen peroxide at room temperature for 10 min, followed by washing 3 times with PBS. The sections were then incubated with primary anti-VE cadherin, anti-CD31 and anti-Ki67 antibodies overnight. After washing with PBS, the sections were treated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG for 1 h at 37°C. Negative control sections were incubated with PBS instead of the primary antibody.

### Wound-healing assay

HUVECs were seeded in 6-well plates. When the cells were 90% confluent, a wound line was made using a 10-µl plastic pipette tip. The cells were then incubated in serum-free ECM-2 medium with VEGF (8 ng/ml) with or without P18 peptide (0.2 µM). The wound-healing processes were photographed at time points 0, 12 and 24 h, and the cell migration distance was quantified by analysing the images.

### Migration and invasion assay

A Transwell cell migration system (8-µm, Corning Inc., Corning, MA, USA) coated with Matrigel was used to perform the cell migration and invasion assays. HUVECs (1×10^5^/well) or HepG2 cells (5×10^4^/well) were added to the upper chamber of a Transwell plate, and 500 µl of serum-free medium with or without VEGF (8 ng/ml) and the P18 peptide (0.2 µM) was added to the lower chamber. After 48 h of incubation, the migrated cells were fixed with 95% methanol and stained with 0.1% crystal violet for 30 min followed by washing 5 times with PBS.

### Tube formation assay

Each well of 96-well plates was coated with 50 µl of Matrigel. HUVECs (1×10^4^/well) were seeded in the wells following solidification of the Matrigel. The cells in the experimental groups were treated with P18 peptide (0.2 µM), and the control groups were treated with an equal volume of PBS. The cells were incubated at 37°C with 5% CO~2~ for 6 h and then photographed using a light microscope (Olympus, Tokyo, Japan).

### Cell apoptosis assay

HUVECs (4×10^5^/well) or HepG2 cells (4×10^5^/well) were treated with or without the P18 peptide and incubated for 24 h. Then, the cultured cells were suspended in PBS, counted and resuspended with binding buffer. Annexin V-FITC and propidium iodide (PI; NeoBioscience Ltd., Shenzhen, China) were used to detect the apoptosis rate of the cells via a flow cytometry assay.

### Statistical analysis

The data were analysed with SPSS software (version 17.0, SPSS China, Shanghai, China) and expressed as the mean ± standard deviation (SD). Student\'s t-tests were used for comparisons between 2 groups, and one-way analysis of variance was used for comparisons between multiple groups. P-values \<0.05 were considered to indicate statistically significant results.

Results
=======

### P18 peptide inhibits ECs proliferation in vitro

The P18 peptide was synthesized according to the amino acid sequence shown in [Fig. 1A](#f1-or-38-02-0755){ref-type="fig"}. Dose-response analysis achieved by CCK-8 assay confirmed an IC~50~ of \~320 nmol/l for the P18 peptide *in vitro* ([Fig. 1B](#f1-or-38-02-0755){ref-type="fig"}). As a biomarker for the level of apoptosis, Bcl-2 and Bax were detected by western blotting. We treated HUVECs with different concentrations of P18 peptide and observed a dose-dependent downregulation of Bcl-2 but upregulation of Bax ([Fig. 1C](#f1-or-38-02-0755){ref-type="fig"}).

### P18 peptide suppresses tumour growth and angiogenesis of HCC in vivo

To evaluate the effect of the P18 peptide on tumour growth *in vivo*, we designed a xenograft tumour growth assay with HepG2 cells in nude mice. Two experimental groups received the P18 peptide at a dose of 0.1 mg/kg or 0.5 mg/kg, while the control group received the same volume of 0.9% normal saline (0.9% NS). The average tumour volume was 47.40% in the P18-treated (0.1 mg/kg) group and 20.64% in the P18-treated (0.5 mg/kg) group normalized to the control group ([Fig. 2A and B](#f2-or-38-02-0755){ref-type="fig"}). As hallmarks of angiogenesis, expression levels of CD31 and VE-cadherin in tumour tissues were detected by IHC analysis, which revealed a gradual decrease in CD31 and VE-cadherin with increasing dosage of P18 peptide ([Fig. 2C-E](#f2-or-38-02-0755){ref-type="fig"}). In addition, western blot assays showed a significant downregulation of expression levels of CD31 and VE-cadherin ([Fig. 2F and G](#f2-or-38-02-0755){ref-type="fig"}).

### P18 peptide inhibits phosphorylation of VEGFR2 in vivo

Expression levels of VEGF and p-VEGFR2 in tumour tissues were detected by IF analysis. The results indicated that there was a dose-dependent suppression in expression of VEGF followed by a decreased phosphorylation level of VEGFR2 in P18-treated groups ([Fig. 3A](#f3-or-38-02-0755){ref-type="fig"}). Western blot assays also demonstrated that the P18 peptide downregulated the expression of VEGF and suppressed the phosphorylation of VEGFR2 in HCC tumour tissues ([Fig. 3B and C](#f3-or-38-02-0755){ref-type="fig"}).

### P18 peptide suppresses EC viability by counteracting the bioactivity of VEGF in vitro

Wound healing assays and Transwell assays were performed to investigate the effects of the P18 peptide on the migration and invasive ability of ECs in the presence of VEGF, and the results suggested that the P18 peptide significantly inhibited HUVEC migration and invasion at a concentration of 0.2 µM ([Fig. 4A-D](#f4-or-38-02-0755){ref-type="fig"}). Results of western blot assays suggested that the P18 peptide achieved this bioactivity primarily through downregulating expression levels of MMP-2 and MMP-9 in HUVECs ([Fig. 4E and F](#f4-or-38-02-0755){ref-type="fig"}). To further explore the anti-angiogenic potency of the P18 peptide *in vitro*, we seeded HUVECs on Matrigel-coated 96-well plates for 8 h using additional VEGF (8 ng/ml) as a positive control. The results indicated that VEGF could enhance angiogenesis of HUVECs but the P18 peptide reversed this effect and inhibited angiogenesis *in vitro* ([Fig. 5A and B](#f5-or-38-02-0755){ref-type="fig"}). At the same time, western blot assays confirmed that additional VEGF could upregulate expression levels of VE-cadherin and E-cadherin in HUVECs, while the P18 peptide counteracted this bioactivity ([Fig. 5C and D](#f5-or-38-02-0755){ref-type="fig"}).

### P18 peptide induces apoptosis of ECs in vitro

Since the current study preliminarily determined an IC~50~ of \~320 nmol/l for the P18 peptide *in vitro*, we further cultured HUVECs in DMEM medium with or without VEGF. After 12 h, PBS- dissolved P18 peptide (0.32 µM) was added to the experimental group, and the cells were cultured for another 24 h. Annexin V-FITC/PI flow cytometry and western blot assays were used to determine the apoptosis levels of HUVECs. The results consistently indicated that additional VEGF may suppress the apoptosis of HUVECs and this process could be reversed by the P18 peptide ([Fig. 6A-D](#f6-or-38-02-0755){ref-type="fig"}).

### P18 peptide suppresses HepG2 cell viability by suppressing cell migration rather than inhibiting cell proliferation inducing apoptosis

Transwell assays were performed to investigate the effects of the P18 peptide on the migration ability of HepG2 cells in the presence of VEGF. Results indicated that the P18 peptide inhibited the migration of tumour cells and counteracted the bioactivity of VEGF *in vitro* ([Fig. 7A and B](#f7-or-38-02-0755){ref-type="fig"}). Expression levels of MMP-2, MMP-9 and E-cadherin in HepG2 cells treated with VEGF (8 ng/ml) and the P18 peptide (0.32 µM) was determined by western blot assays. The high expression levels of MMP-2 and MMP-9 stimulated by VEGF in HepG2 cells were downregulated by the P18 peptide while the expression of E-cadherin was slightly upregulated in P18 peptide-treated groups, which contribute to the suppression of cell migration ([Fig. 7C and D](#f7-or-38-02-0755){ref-type="fig"}). However, after treatment with different concentrations of the P18 peptide for different times, no significant differences were observed in the cell proliferation of HepG2 cells in CCK-8 assays ([Fig. 7E](#f7-or-38-02-0755){ref-type="fig"}). In addition, the results of Annexin V-FITC/PI flow cytometry and western blot assays showed no significant difference in HepG2 cell apoptosis between the control and P18 peptide-treated groups ([Fig. 7F and G](#f7-or-38-02-0755){ref-type="fig"}). Of note, the experiments in [Fig. 7E-G](#f7-or-38-02-0755){ref-type="fig"} were performed in the absence of VEGF but HepG2 cells were cultured in DMEM medium with 10% FBS. Since HepG2 cells can maintain a high level of proliferation under this condition without the need for additional VEGF, we consider that cells in normal serum medium is sufficient as a control group ([@b28-or-38-02-0755],[@b29-or-38-02-0755]). The above results suggest that the P18 peptide suppresses HepG2 cell viability by suppressing cell migration rather than by inhibiting cell proliferation and inducing apoptosis.

### P18 peptide induces EC apoptosis via blocking VEGF/VEGFR2 and induces the PI3K/Akt signalling pathway

SU1498 is a selective inhibitor of VEGFR2, which is the major receptor for VEGF-induced bioactivity in endothelial cells ([@b23-or-38-02-0755],[@b30-or-38-02-0755]). In this study, we cultured HUVECs in serum-free medium with additional VEGF and used SU1498 as a positive control for the P18 peptide. HUVECs cultured in medium with 10% FBS or VEGF served as a negative control. The western blot results showed that the P18 peptide inhibited VEGF-induced phosphorylation of VEGFR2 in a manner similar to that of SU1498 ([Fig. 8A](#f8-or-38-02-0755){ref-type="fig"}). To further demonstrate the mechanism by which P18 inhibits angiogenesis, we treated HUVECs in serum-free medium for 24 h and then replaced the medium with additional VEGF with or without the P18 peptide (0.2 µM). IGF-1, an activator of PI3K/Akt pathway, was used as a negative control ([@b31-or-38-02-0755]). As downstream signalling axis of VEGFR2, the activation of PI3K and Akt through phosphorylation in the HUVECs were significantly suppressed after treatment with the P18 peptide for 90 min, which could be reversed with presence of IGF-1 (0.2 ng/ml) ([Fig. 8B and C](#f8-or-38-02-0755){ref-type="fig"}). After culturing with the P18 peptide or IGF-1 for 4 h, Bcl-2/Bax, as biomarkers for the extent of apoptosis, and their downstream target molecules, cleaved caspase-3/caspase-3, were also detected by western blotting. The results indicated that the P18 peptide suppressed the expression of Bcl-2, induced the expression of Bax and enhanced the proteolytic processing of inactive caspase-3 into cleaved caspase-3. However, these effects were counteracted by IGF-1 ([Fig. 8D and E](#f8-or-38-02-0755){ref-type="fig"}). These results indicated that deactivation of the VEGF/VEGFR2 signalling pathway and it induced PI3K/Akt cascades may be a protective mechanism involved in the P18 peptide-induced apoptosis of HUVECs and its anti-angiogenic activity.

Discussion
==========

As a type of richly vascularized solid tumour, the occurrence and development of HCC is highly dependent on angiogenesis ([@b5-or-38-02-0755]). Therefore, anti-angiogenic treatments have become clinically significant therapeutic options for the treatment of HCC patients ([@b7-or-38-02-0755]). Angiogenesis is primarily subject to pro-angiogenic and anti-angiogenic factors. PEDF, a type of endogenous angiogenesis inhibitor, has been confirmed as a multifunctional antitumour factor. It has been reported that PEDF inhibits angiogenesis by inducing apoptosis of ECs and several types of tumour cells ([@b10-or-38-02-0755],[@b16-or-38-02-0755]). Full-length PEDF has several functional sections, and the anti-angiogenic functional fragment is located from residues 24 to 57 (known as PEDF-34mer) ([@b13-or-38-02-0755],[@b32-or-38-02-0755]). In the current study, our data indicated that the P18 peptide, a functional fragment mapping to residues 40 to 57 of full-length PEDF, exerts anti-angiogenic activity both *in vitro* and *in vivo*. Compared with full-length PEDF, the P18 peptide is more stable and biocompatible but exhibits low antigenicity, which indicates the potential of the P18 peptide for application in anti-angiogenic therapy in HCC patients.

In the current study, the P18 peptide was confirmed to have an anti-angiogenic effect on HCC *in vivo*. CD31 is primarily concentrated at the borders between endothelial cells and can be considered as a biomarker of angiogenesis. Studies have demonstrated that in endothelial cells, VE-cadherin signalling, expression, and localization correlate with vascular permeability and tumour angiogenesis ([@b33-or-38-02-0755]). IHC staining of CD31 and VE-cadherin in tumour tissues suggested that the P18 peptide functions as a potent inhibitor of angiogenesis *in vivo*. Moreover, IF staining images indicated that suppression of the phosphorylation of VEGFR2 may be the mechanism by which the P18 peptide achieves its functions.

Angiogenesis relies on EC destabilization, dissociation and migration. With the rapid growth of solid tumours, the hypoxic environment inside tumour tissues stimulates the expression of matrix metalloproteinases and pro-angiogenic cytokines, such as MMP-2, MMP-9, VE-cadherin and E-cadherin ([@b34-or-38-02-0755]). MMP-2 and MMP-9 are available from HUVECs and is responsible for tissue remodelling during carcinogenesis, tumour metastasis and angiogenesis ([@b35-or-38-02-0755],[@b36-or-38-02-0755]). Our study showed that additional VEGF may upregulate secretions of MMP-2 and MMP-9 in HUVECs, which corresponds to the results of HUVEC migration and invasion assays. However, HUVECs treated with P18 peptide show no response to additional VEGF. Moreover, we observed similar results in expression levels of MMP-2 and MMP-9 in HepG2 cells treated with P18 peptide. The results above certainly suggest that the P18 peptide may perform its anti-angiogenic function by inhibiting biological activity of VEGF. However, opposite results were shown in the effects of P18 peptide on E-cadherin expression in HUVECs and HepG2 cells. The upregulation of E-cadherin in HepG2 cells is responsible for the suppression of cell migration ([@b37-or-38-02-0755],[@b38-or-38-02-0755]). The expression of E-cadherin in HUVECs showed a decreasing trend. We consider that the decline in cell activity after treatment with the P18 peptide may be connected to this phenomenon. As an adhesion protein between cells, the reduced expression of E-cadherin may lead to instability and disintegration of vascular structures. However, the exact mechanism by which the P18 peptide downregulated expression of E-cadherin in HUVECs needs further study, which will be the next step of our research.

Similar to parental PEDF and PEDF-34mer, the P18 peptide inhibits proliferation and induces apoptosis of HUVECs *in vitro* and has an IC~50~ of 320 nM. The Bcl-2 family consists of many evolutionarily conserved proteins that can regulate cell apoptosis through the classical mitochondrial apoptosis pathway ([@b39-or-38-02-0755]). Bcl-2 is an anti-apoptotic protein in this family, whereas Bax is a pro-apoptotic protein. Interactions between death-promoting and death-suppressing factors regulate a dynamic equilibrium in which the ratio between anti-apoptotic and pro-apoptotic proteins controls cell apoptosis ([@b40-or-38-02-0755]). According to our results, HUVECs maintain a low level of apoptosis under a certain concentration of VEGF (8 ng/ml). The P18 peptide significantly increases the rate of apoptosis accompanied by downregulation of both the expression of Bcl-2 and the ratio of Bcl-2/Bax. However, according to our results, treatment with the P18 peptide does not change the apoptosis rate of HepG2 cells.

Based on these results, we conjecture that the P18 peptide inhibits angiogenesis by blocking VEGF/VEGFR2 axis and inducing apoptosis of endothelial cells. VEGF, which is produced by a number of cells including endothelial cells, macrophages and different types of tumour cells, is involved in angiogenesis, vascular endothelial cell survival, proliferation and vascular permeability ([@b3-or-38-02-0755],[@b20-or-38-02-0755]). The results of the migration and tube-formation assays showed that the P18 peptide could inhibit ECs migration and angiogenic capacity induced by VEGF treatment. To further account for these phenomena, the phosphorylation of VEGFR2 in HUVECs was detected. As a major receptor of VEGF, VEGFR2-induced signalling is necessary for the execution of VEGF-stimulated survival, the migration of ECs and angiogenesis in the development of tumours ([@b18-or-38-02-0755],[@b22-or-38-02-0755]). Phosphorylation of VEGFR2 leads to activation of downstream signalling pathways, including the MAPK/Erk and PI3K/Akt pathways ([@b22-or-38-02-0755],[@b26-or-38-02-0755]).

According to our data, lower phosphorylation levels of VEGFR2 in HUVECs were observed after culturing in serum-free medium for 24 h, and those changes were rapidly reversed in the presence of serum or additional VEGF. However, this reversal was abrogated when the P18 peptide was simultaneously added to the medium. The same result was also observed when SU1498 was added instead of the P18 peptide. We noted that treatment with the P18 peptide also downregulated the phosphorylation levels of PI3K and Akt induced by VEGF, whereas the ratio of p-PI3K/PI3K and p-Akt/Akt can be upregulated upon treatment with IGF-1, an activator of the PI3K/Akt pathway. In addition, we investigated variations in the expression of Bcl-2/Bax among HUVECs treated with the P18 peptide, the control group and the IGF-1-treated group. Since previous studies have demonstrated that a reduction in Bcl-2/Bax leads to the cleavage of caspase members and initiates a caspase cascade, which results in activation and amplification of cell apoptotic responses ([@b41-or-38-02-0755]--[@b43-or-38-02-0755]), we detected cleaved caspase-3 and total caspase-3 as indexes for evaluating apoptosis. According to the western blot results, we confirmed that the P18 peptide downregulated the expression of Bcl-2 and the ratio of Bcl-2/Bax, accompanied by enhanced cleavage of caspase-3 in synchronism with an inhibition of PI3K/Akt pathway. Consequently, treatment of the P18 peptide was associated with enhanced mitochondrial-mediated apoptosis.

In summary, the P18 peptide exerts its anti-angiogenic bioactivity by inhibiting endothelial cell viability and inducing apoptosis. Simultaneously, the P18 peptide suppresses tumour cell viability by inhibiting cell migration rather than inducing apoptosis in HCC. VEGFR2 is the primary target of the P18 peptide acting in ECs. Via modulating VEGF/VEGFR2 and it induced PI3K/Akt signalling pathway, the P18 peptide enhances mitochondrial-mediated apoptosis in ECs and suppresses vessel formation in tumour tissues. This anti-angiogenic activity of the P18 peptide suggests that it may be a potential agent for the treatment of HCC.
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![The P18 peptide inhibits EC proliferation *in vitro*. (A) The amino acid sequence of the P18 peptide. (B) Dose titration of HUVEC proliferation. Viable cells were quantified by CCK-8 assays. The data represent the absorbance as a percentage of their respective controls and are expressed as the mean ± SD. (C) Expression levels of Bcl-2 and Bax in HUVECs treated with an ascending concentration gradient of the P18 peptide and analysed by western blotting.](OR-38-02-0755-g00){#f1-or-38-02-0755}

![The P18 peptide suppresses tumour growth and angiogenesis of HCC *in vivo*. (A) Tumour tissue on day 14 after injection with 0.9% NS or different doses of P18. (B) Curve of tumour growth suppression is shown as tumour volume after treatment with 0.9% NS or different doses of P18 (mean ± SD). (C) Results of IHC staining for CD31 and VE-cadherin in tumour tissues (magnification, ×200). (D) Data represent MVD in tumour tissues (mean ± SD, \*P\<0.05, \*\*\*P\<0.01). MVD was determined via IHC staining with an endothelial-specific antibody against CD31 (magnification, ×200). (E) The P18 peptide inhibited expression of VE-cadherin, a molecular marker of angiogenesis, in HCC tumour tissue (magnification, ×200). The data represent IOD/Area (mean ± SD, \*P\<0.05, \*\*\*P\<0.01). (F) Expression of CD31 and VE-cadherin were detected by western blot assays. (G) The density of each band in western blot assay was quantified and normalized to that of GAPDH (mean ± SD, \*P\<0.05, \*\*\*P\<0.01).](OR-38-02-0755-g01){#f2-or-38-02-0755}

![The P18 peptide inhibits phosphorylation of VEGFR2 *in vivo*. (A) Expression and distribution of VEGF and p-VEGFR2 in xenograft tumour tissues were determined by immunofluorescence photomicrography (magnification, ×200). (B) Expression levels of VEGFR2, p-VEGFR2 and VEGF in tumour tissues were detected by western blot assays. (C) The density of bands in western blot assay was quantified and normalized to that of GAPDH (mean ± SD).](OR-38-02-0755-g02){#f3-or-38-02-0755}

![P18 peptide suppresses the cell viability of HUVECs and counteracts the bioactivity of VEGF *in vitro*. (A) The effects of the P18 peptide on HUVEC migration were analysed by a wound healing assay. (B) Data represent the migration distance as a percentage of the control group in wound healing assay (mean ± SD, \*P\<0.05, \*\*\*P\<0.01). (C) The P18 peptide counteracted the bioactivity of VEGF as assessed by Transwell assays. (D) Data represent the number of cell metastases (mean ± SD, \*\*\*P\<0.01). (E) The P18 peptide counteracted the bioactivity of VEGF and downregulated expression levels of MMP-2 and MMP-9 in HUVECs as assessed by western blot assays. (F) The density of each band in western blot assay was quantified and normalized to that of GAPDH (mean ± SD, \*P\<0.05, \*\*\*P\<0.01).](OR-38-02-0755-g03){#f4-or-38-02-0755}

![P18 peptide inhibits angiogenic capability of HUVECs by counteracting bioactivity of VEGF *in vitro*. (A) HUVECs were cultured with or without VEGF and the P18 peptide (0.2 nM). Angiogenic capability of HUVECs was analysed by tube formation assays. (B) Data represent the number of closed tubes in the control and experimental groups (mean ± SD, \*P\<0.05, \*\*\*P\<0.01). (C) The P18 peptide downregulated expression levels of VE-cadherin and E-cadherin in the presence of VEGF as assessed by western blot assays. (D) The density of each band in western blot assay was quantified and normalized to that of GAPDH (mean ± SD, \*P\<0.05, \*\*\*P\<0.01).](OR-38-02-0755-g04){#f5-or-38-02-0755}

![P18 peptide induces apoptosis of HUVECs *in vitro*. (A) HUVECs were cultured with or without VEGF and the P18 peptide (0.32 nM) for 24 h. Apoptosis levels were evaluated by a flow cytometry assay. (B) Data represent the percentages of early and late apoptotic cells and are expressed as the mean ± SD, \*P\<0.05, \*\*\*P\<0.01. (C) Expression levels of Bcl-2 and Bax in HUVECs were analysed by western blotting after culture with or without VEGF (8 ng/ml) and the P18 peptide (0.32 nM) for 24 h. (D) The density of each band in western blot assay was quantified and normalized to that of GAPDH (mean ± SD, \*P\<0.05, \*\*\*P\<0.01).](OR-38-02-0755-g05){#f6-or-38-02-0755}

![P18 peptide suppresses HepG2 cell viability by suppressing cell migration rather than inhibiting cell proliferation and inducing apoptosis. (A) The P18 peptide counteracted the bioactivity of VEGF and inhibited migration of HepG2 cells as assessed by Transwell assays. (B) Data represent the number of cell metastases (mean ± SD, \*P\<0.05, \*\*\*P\<0.01). (C) The P18 peptide downregulated expression levels of MMP-2 and MMP-9 in HepG2 cells as assessed by western blot assays. (D) The density of each band in western blot assay was quantified and normalized to that of GAPDH (mean ± SD, \*P\<0.05, \*\*\*P\<0.01). (E) Dose titration of HepG2 cell proliferation. Viable cells were quantified by CCK-8 assays. The data represent the absorbance as a percentage of their respective controls and are expressed as the mean ± SD. (F) HepG2 cells were cultured with the P18 peptide (0.32 nM) for 24 h, while the control group was cultured with normal serum medium. Apoptosis levels were evaluated by a flow cytometry assay, and the results showed no significant difference. (G) Expression levels of Bcl-2 and Bax in HepG2 cells were analysed by western blot assays after culture with or without the P18 peptide (0.32 nM) for 24 h.](OR-38-02-0755-g06){#f7-or-38-02-0755}

![P18 peptide blocked VEGF/VEGFR2 signalling pathway and it induced the PI3K/Akt cascade. (A) P18 peptide inhibited the phosphorylation of VEGFR2 in a manner similar to that of SU1498. Data represent relative band density and percent of p-VEGFR2/VEGFR2 expressed as the mean ± SD. (B and C) The P18 peptide inhibited VEGF-induced phosphorylation of PI3K and Akt, which could be reversed by IGF-1. The data represent relative band density and are normalized to GAPDH (mean ± SD, \*\*\*P\<0.01). (D and E) The P18 peptide downregulated the expression of Bcl-2, decreased the ratio of Bcl-2/Bax, and promoted the cleavage of caspase-3, which could be reversed by IGF-1. The data represent relative band density and are normalized to GAPDH (mean ± SD, \*\*\*P\<0.01).](OR-38-02-0755-g07){#f8-or-38-02-0755}
